Background: Surgical skills and simulation courses are emerging to meet the demand for vascular simulation training for vascular surgical skills, but their educational effect has not yet been described. We sought to determine the effect of an intensive vascular surgical skills and simulation course on the procedural knowledge and self-rated procedural competence of vascular trainees and to assess participant feedback regarding the course.
Traditionally, surgical technical skills have been acquired by observing and then performing surgical tasks in a "see one. do one. teach one" model solely within the operating room. Although operative experience is paramount, the lack of formal teaching and testing of surgical skills in a safe practice environment remains a longstanding educational shortcoming of this traditional paradigm. [1] [2] [3] In addition, constraints on surgical resident training, including work hour mandates, shorter training programs, costs, and public expectations, are limiting the acquisition of surgical skills in the operating room. [4] [5] [6] [7] [8] To respond to these constraints on surgical resident training, simulation training has been increasingly espoused for teaching surgical skills. 2, 3, [9] [10] [11] [12] [13] Skills and simulation course training at individual institutions have been demonstrated to increase technical proficiency of course participants in both open and endovascular procedures. 2, 14, 15 In Europe, the Pontresina and European Virtual Reality Endovascular Research Team (EVEResT) groups have devoted themselves to the development of thorough simulation programs and have published extensively on the positive effect of simulation training. 3, 11, 16 However, not all vascular training programs in the United States have the resources or interest to conduct surgical skills and simulation training within their own institutions. As a result, more limited regional and national simulation training courses conducted at training institutions and at academic meetings have to meet the demand for surgical skills and simulation training. [17] [18] [19] One recent study reveals that 37% of current vascular fellows and senior residents have attended an outside simulation-based course. 20 These simulation training opportunities have varied in their structure, scope of open vascular and endovascular procedures covered, and the level of trainees they have targeted.
They have generally been conducted over a period of 1 to 3 days. There is evidence that one such course was considered highly valuable by the participating trainees and by their program directors at their home institutions. 21 To our knowledge, however, the direct educational effect of a national simulation and skills course has not been reported. In particular, whether relatively short simulation experiences are of educational benefit, even in the short-term, is of interest. We desired to assess the short-term educational value of such training opportunities because they are not currently understood.
In 2014, we initiated the University of Massachusetts (UMass) Vascular Surgical Skills and Simulation Course (UVASC). This is an intensive course open to vascular trainees from around the country. The goal of this course was to improve the skill and understanding of vascular trainees in performing a comprehensive array of open and endovascular procedures. From the initiation of the course, we prospectively set out to assess its educational effect. The present study had three goals: (1) to determine the effect of the intensive UVASC on trainee knowledge and self-rated procedural competence, (2) to determine whether the effect of the course was different among postgraduate year (PGY) 1 and 2 (junior) and PGY 3 to 7 (senior) residents, and (3) to determine whether the effect of the course was different for endovascular and open procedures. Participating trainees were also surveyed regarding the relevance and realism of the simulation exercises in the overall value of the course.
METHODS
The UMass Medical School Institutional Review Board approved this study. The need for informed consent for analysis of the data was waived.
Course structure and curriculum UVASC consisted of 1.5 days of intensive simulation experience in open and endovascular surgery. The course emphasized of hands-on training. Lectures were used only to introduce and explain the conduct of procedural simulations. Each vascular surgical skill simulation was driven by well-defined objectives. To maximize the experience of trainees as the operating physician, most simulation stations were designed for two residents to work together simultaneously. Residents thus spent approximately onehalf of their time as operating surgeon and the other half as the first assistant during each procedural simulation.
Open simulation
The simulation training for open vascular procedures included one-half day of cadaver dissections and onehalf day working on high-fidelity procedural models. Cadaver dissections were organized into five sections: (1) cervical vessels and thoracic outlet, (2) aortic arch and great vessels, (3) thoracoabdominal and paravisceral aorta, (4) transabdominal and retroperitoneal approach to aorta, iliac arteries, and lumbosacral spine, and (5) lower extremity arteries. The five sections were introduced by a vascular or cardiac surgeon who demonstrated the key anatomic elements on a prosection and outlined the objectives of the dissection for the trainees (Appendix 1, online only). A ratio per cadaver of two trainees to one faculty was used for the cadaver dissections.
Procedural models for open abdominal aortic aneurysm repair, carotid endarterectomy, femoropopliteal bypass, and creation of upper extremity autogenous hemodialysis access were used to teach these four index vascular procedures. The use of these sophisticated Pontresina Models (Vascular International, Fürigen, Switzerland; supplied courtesy of Atrium Maquet, Hudson, NH), which provide high-fidelity procedural simulation, has been previously described. 11, 17 A ratio per simulator of two trainees to one faculty member was used for the procedural simulations.
Endovascular simulation
A half-day was spent on endovascular simulation. Endovascular simulation consisted of aortic and peripheral sections. The models used included high-fidelity virtual-reality simulators as well as some "dry" tabletop models. Endovascular simulation training included iliac artery angioplasty and stenting, intravascular ultrasound imaging, carotid stenting, superficial femoral artery stenting, peripheral coil embolization, endovascular abdominal aortic aneurysm repair, fenestrated abdominal aortic aneurysm repair, and thoracic endovascular aneurysm repair.
UVASC assessments
Assessment of procedural knowledge. Before and immediately after course participation, participants completed an 18-question multiple choice assessment of procedural knowledge that tested knowledge pertaining to the technical conduct of the open and endovascular procedures that were covered in the curriculum (Appendix 2, online only). The precourse assessment of procedural knowledge was completed online before arrival at our institution for the course and was completed weeks before the start of the course in most instances.
Assessment of self-rated procedural competence. Before the course and immediately after course participation, participants also completed a self-assessment of their own procedural competence in 18 open vascular and endovascular domains that were covered in the course. Participants were asked to rate their own competence in procedures on a 5-point Likert scale (1 ¼ no understanding/could not perform; 2 ¼ extremely limited understanding/ability to perform; 3 ¼ moderate understanding/ ability to perform; 4 ¼ good understanding/ability to perform; 5 ¼ excellent understanding/ability to perform independently; Table I ).
Trainee survey. All trainees completed an anonymous survey evaluation of UVASC. Participants were asked to rate the relevance and realism of the simulation exercises on the cadaver dissection, open procedural models, endovascular aortic models, and endovascular peripheral models.
Statistical analysis
"Junior" residents were defined as PGY 1-2 and "senior" residents were defined as PGY 3-7. The PGY 3-5 trainees were vascular integrated residents, which rendered their previous exposure to open and endovascular procedures comparable to those of the PGY 6 and 7 trainees, who were traditional 5þ2 vascular surgery fellows. Precourse and postcourse assessments of procedural knowledge and self-rated procedural competence were compared with paired Student t-tests. Trainee survey responses are shown as proportions, with the Fisher exact test used to test for differences. Statistical significance was set at P # .05. All analyses were performed in SAS 9. 3   Table I . Assessment of self-rated procedural competence 2. I am able to perform the planning and sizing necessary for a successful EVAR repair.
3. I can perform all of the required radiographic projections for a complete cerebral angiogram.
4. I can describe the steps for deploying and retrieving a nonocclusive filter embolic protection device.
5. I am comfortable with percutaneous treatment of a TASC B iliac lesion with iliac artery angioplasty and stenting.
6. I have performed and feel comfortable with tibial artery recanalization and angioplasty.
7. I can dissect and clamp the intrarenal aorta and prepare the intrarenal neck for the proximal anastomosis.
8. I can sew an end-to-end anastomosis of a graft to the aorta using an aneurysmorrhaphy technique.
9. I can perform the required projections to perform a thoracic angiogram to determine appropriate placement of a TEVAR.
10. I can perform the necessary preoperative and intraoperative steps involved in planning, placement and deployment of a thoracic endograft.
11. I can describe the key elements of medial visceral rotation.
12. I can describe a trans aortic endarterectomy.
13. I can perform an endarterectomy of a carotid bifurcation plaque and assess the distal endpoint.
14. I can perform a patch closure of the carotid arteriotomy that was made to perform endarterectomy.
15. I can perform appropriate clamping of popliteal artery and create popliteal arteriotomy in performing femoral to below-knee popliteal bypass.
16. I can perform an appropriate end-to-side anastomosis to the below-knee popliteal artery in performing a femoral to below-knee popliteal bypass.
17. I understand the basic principles of performing fenestrated endovascular aortic aneurysm repair (FEVAR).
18. I am able to describe the key steps in a fenestrated endovascular aortic aneurysm repair (FEVAR).
EVAR, Endovascular aneurysm repair; TASC, TransAtlantic Inter-Society Consensus for the Management of Peripheral Arterial Disease; TEVAR, thoracic endovascular aortic repair.
software (SAS Institute Inc, Cary NC). All analyses of assessments were blinded to trainee identity.
RESULTS
Participants. Seventy-two trainees, ranging from PGY 1 to 7 enrolled in the course over 2 years (2014 and 2015). Trainees came from $20 different programs in each year. Fifty-eight trainees completed all UVASC assessments and were included for analysis. Among these were 33 junior residents and 25 senior residents (Table II) .
Procedural knowledge. For every question except one, the percentage answered correctly by the trainees was higher on the postcourse assessment than the precourse assessment (Fig 1) . The percentage of participants answering correctly on seven of 18 questions was statistically significant. The scores in 37 of the 58 trainees (69%) improved, and 21 (31%) had no improvement (P ¼ .004). The mean percentage of questions answered correctly on the assessment of procedural knowledge increased for the entire cohort (mean precourse score: 50.9% vs mean postcourse score: 60.9%; P < .0001). Scores were significantly improved after course participation in both junior and senior residents (Fig 2) . Self-assessment of procedural competence. Statistically significant improvement in training self-assessment of their own procedural competence was seen across all domains. Before the course, in only three domains did trainees, on average, rate their procedural competence above level 3 (moderate understanding/ability to perform). After course participation, the trainees, on average, rated their procedural competence higher than 3 on all but one domain (Fig 3) . The mean level of confidence per domain for the entire cohort was significantly increased after course participation (precourse score: 2.56 6 0.1 vs postcourse score: 3.35 6 0.1; P < .0001). Selfassessment of procedural competence was significantly improved in both junior and senior residents (Fig 4) .
Open vs endovascular surgery. Trainee procedural knowledge concerning open surgery was not significantly different from that regarding endovascular surgery before course participation. Procedural knowledge was significantly improved for endovascular as well as open procedures (Fig 5) . Before course participation, participating trainees had greater self-rated procedural competence in open surgery than in endovascular surgery. Self-rated procedural competence was significantly improved for endovascular as well as open procedures (Fig 6) .
Trainee survey. The trainee survey was completed by 48 participants (67%) at completion of UVASC. Trainees reported greatest satisfaction with the cadaver dissection component of the course: 88% of trainees reporting that they were "very satisfied" with the realism of the cadaver simulations, and 92% reporting that they were "very satisfied" with the relevance of the cadaver dissections. More than 93% of trainees reported they were "satisfied" or "very satisfied" with the relevance and realism of both open and endovascular simulations (Table III) , and 100% responded that they would recommend the course to a colleague. 
DISCUSSION
The evidence for the benefit of simulation training in vascular surgery has grown slowly but steadily during the last 20 years. Nevertheless, access to simulation training within individual programs has not become widespread. Responses to a 2013 survey of all vascular surgery trainees in the United States showed that only 56% of United States programs offered some form of simulation training. A recent survey indicates that only 43% of vascular surgery trainees in Canada report using simulation for skills acquisition.
The barriers to implementation of an institutional simulation program remain considerable and include cost, lack of infrastructure, lack of faculty time, and lack of curriculum and assessment metrics. 22 At the same time, trainee interest in simulation and skills training is high. Of surveyed vascular trainees in the United States, 86% reported believing that there is educational value in simulation, and 57% expect that technical skills assessment will be incorporated into the board certification process. There has thus been a gap between the perceived need or desire for simulation training and institutional simulation opportunities. To our knowledge, this is the first report of the effectiveness of an intensive vascular surgical skills and simulation course on trainee knowledge and self-rated procedural competence. The primary findings of this study were that an intensive simulation and surgical skills course improved procedural knowledge and self-rated procedural competence concerning index open vascular and endovascular procedures among course participants.
The effect of this simulation and surgical skills course was significant for junior (PGY 1-2) and senior (PGY 3-7) trainees and was also effective for both open and endovascular procedures. Finally, trainees rated the value of a surgical skills and simulation course highly.
Recent evidence suggests that improving procedural knowledge and procedural competence in vascular surgery is particularly important in the current training environment. In a recent survey of all vascular trainees throughout the United States, trainees reported low or moderate operative confidence not only for procedures which they had performed <10 times during residency but also for some procedures they had performed >10 times. 20 Interestingly, this survey also showed that trainee operative confidence was modestly but positively affected by the presence of any simulation tools at the trainee's home institution. Our data support the positive effect of simulation training on trainee operative confidence and further demonstrate that the increased confidence can be achieved in very specific skills with an intense, focused simulation course. How the number of years in training or previous experience of the trainee affects the benefit of simulation training is not yet clear. Junior or less experienced residents have been the subjects in most of the studies reporting the benefits of vascular simulation training. 2, 14, 23, 24 However, studies have shown that highfidelity simulators offer a useful training environment for senior trainees and more experienced surgeons as well and that advanced trainees also benefit from vascular simulation training on high fidelity simulators. 11, 25, 26 The other existing regional and national simulation courses have included trainees of varying levels of vascular experience, including both junior and senior vascular integrated residents and vascular fellows, but the educational benefit for two different levels of trainees has not been previously reported. Our experience indicates that junior and senior trainees can both benefit from an intensive simulation course. We believe that more senior trainees were able to benefit because high-fidelity simulators were used for all of the open and endovascular procedural simulations. Because they are starting at different levels, the junior and senior residents likely gain confidence in different techniques and skills during the procedural simulations. We designed our course such that the faculty was aware of the training level of the residents and could tailor the level of instruction to the level of the trainees participating in the procedural simulation at any one particular time. From our results, it is evident that this approach allows trainees at both junior and senior levels to grow in procedural confidence.
Previous studies have shown that open vascular and endovascular surgery are both amenable to simulation training. 14, 15, 22, [27] [28] [29] [30] [31] In published reports to date, simulation training focused on specific open or endovascular tasks or procedures improved confidence or simulated performance in those same tasks or procedures. On the one hand, the simulation training in most published experiences took place in at an individual institution with its own trainees, and the simulation training often involved multiple sessions. Improved performance would thus not be unexpected. On the other hand, how much benefit can be derived from an intense but relatively brief course that covers a broad range of endovascular and open vascular procedures would be a reasonable question. Our data suggest that this format for simulation training does improve the procedural knowledge and surgical confidence of vascular trainees.
Course structure and organization are crucial. Although our course encompassed open simulation on cadavers as well as procedural simulators and endovascular simulations, we nevertheless focused the trainees' time on "high-yield" areas of vascular surgery. For example, we limited the open procedural component to four index vascular procedures: open infrarenal abdominal aortic aneurysm repair, carotid endarterectomy, femoropopliteal bypass, and creation of upper extremity autogenous hemodialysis access. Even more importantly, the cadaver, open procedural, and endovascular procedural components were all objective driven. The knowledge, technical considerations, and skills to be gained at each simulation station were clearly outlined for the trainees at the outset of the course and emphasized at the initiation of each procedural simulation.
This experience shows that other key components to a high-impact simulation course include a low trainee-tofaculty ratio, a low attendee-to-simulator ratio, limited didactics with emphasis on hands-on experience, and a large cadaver dissection component. Participants in UVASC rated the cadaver component most highly among all aspects of the course, a finding that echoes the value trainees have placed on cadaver dissection at other courses. 21, 32 The open vascular, aortic endovascular, and peripheral endovascular components of the course received ratings that were positive and remarkably similar to one another on the trainee survey, suggesting that there was no definitively identifiable component of the course requiring improvement.
To improve the effectiveness of the course over time, focus will be necessary on those areas in which the trainees demonstrate no or limited improvement in procedural knowledge or self-rated procedural competence after participation in the course. Definitively identifying from the 2 years' data presented here areas for improvement is not yet possible. As we accrue a larger sample size in future years, our hope is that areas for improvement in the course will become evident.
There are limitations to this analysis and the conclusions that can be drawn from this experience. First, because the tests of procedural knowledge before and after the course were identical, some testing effect might have been introduced. This is difficult to avoid with repeated written tests, but we believe this effect would be minimal because most of the trainees took the precourse and postcourse tests more than a few days apart. In addition, as we continue to refine the course and assess its effect, more procedural knowledge questions or increased variability in the difficulty of the questions may be necessary to increase the ability of the assessments to differentiate various PGY levels.
Finally, procedural knowledge about the technical aspects of operations and self-rated procedural competence are surrogate markers for objective operative performance. An ideal assessment of the effect of any simulation experience would be an objective technical skills assessment of operative performance before and after participation in the course. This would certainly be a necessity for any "high-stakes" experience intended to influence promotion. However, our emphasis has been to provide a formative experience for trainees who may not have simulation resources or curriculums at their own institutions. In addition, the testing of actual skills is logistically very difficult within the construct of a national simulation course aimed at providing a learning experience for as many trainees as possible. In lieu of skills testing by external observers, some studies have shown reasonable correlation between a resident's self-assessment of his or her surgical skills and external objective grading. In fact, residents tend to underestimate their performance relative to faculty rating based on observation. 33, 34 It has been recognized that improved self-reported operative competence is an important marker of coping ability in operating room situations and that effective coping in the operating room positively affects technical skill performance. 32, [35] [36] [37] Furthermore, we recognize the importance of measuring the longer-term effect of simulation courses. Assessing whether trainees retain their increased knowledge and confidence long-term would be valuable. Although many factors affect a trainee's knowledge and skill over time that could confound the ability to assess effect of the course per se, we nevertheless plan additional longer-term retention tests and assessments of operative confidence for our course in the upcoming years. Until the long-term effect can be ascertained, we believe that improving the confidence of trainees in the short-term is helpful because this demonstrates that the course has the potential to be used as part of a foundation for ongoing understanding and skills improvement that the trainees will take back to their home institutions.
Finally, it is obviously impossible for us to determine whether participation in UVASC or a similar simulation course translates directly into improved performance in the operating room. Translation of achievements in skills and simulation training to the operating room is the Holy Grail of any simulation training. But evidence of this translation into the operating room remains remarkably sparse. 38 In our view, simulation training is not meant to supplant a trainee's actual operative experience but rather prepare the trainee to maximize the benefit from every experience in the operating room. Demonstration of competency in specific surgical skills or a particular procedure on a simulator has been proposed to be a prerequisite for performance of a procedure on a patient, but we are not aware that this has been explicitly implemented in vascular training programs. 39 
CONCLUSIONS
This analysis demonstrates that an intensive simulation and surgical skills course can improve procedural knowledge and self-rated procedural competence across all levels of training for open vascular and endovascular procedures. Participating residents were overwhelmingly satisfied that the simulations were realistic and relevant and would uniformly recommend the course to a colleague. UVASC and other national and regional courses have value for vascular trainees, many of whom are without access to simulation resources or curriculum at their own institutions. These results thus support the implementation of similar intensive simulation and surgical skills courses with ongoing objective assessment of their educational effect. 
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